We investigate cosmological consequences of an inflationary model which incorporates a generic seesaw extension (types I and II) of the Standard Model of Particle Physics. A non-minimal coupling between the inflaton field and the Ricci scalar is considered as well as radiative corrections at one loop order. This connection between the inflationary dynamics with neutrino physics results in a predictive model whose observational viability is investigated in light of the current cosmic microwave background data, baryon acoustic oscillation observations and type Ia supernovae measurements. Our results show that the non-minimal coupled seesaw potential provides a good description of the observational data when radiative corrections are positive. Such result favours the type II seesaw mechanism over type I and may be an indication for physics beyond the Standard Model.
Introduction
The advances in our ability to map the cosmic history through the Large-Scale Structure (LSS) and Cosmic Microwave Background (CMB) observations have been fundamental to establish the standard Λ -Cold Dark Matter (ΛCDM) model. Requiring half a dozen parameters, this model is highly successful at explaining a number of observations under the assumptions that gravity is described by Einstein's general relativity, the spatial sections of the Universe at constant cosmological time are homogeneous and isotropic, and the existence of the dark matter and dark energy components. In this scenario, the evolution of the very early universe is described by the inflationary paradigm, which is able to provide an explanation for the origin of inhomogeneities in the Universe based on causal physics.
On the other hand, the standard model of fundamental particles (SM) -based on the gauge group SU (3) C ⊗ SU (2) L ⊗ U (1) Y -describes all known fundamental particles and their interactions, and constitutes one of the most successful theories ever developed. However, regardless of its predictive power, there are a number of physical processes that are not described or predicted by the SM as, for instance, the existence of weakly interacting and stable particles (dark matter) or the oscillatory behavior observed for active neutrinos coming from the Sun [1] .
These results motivated the proposal of a number of extensions of the SM. Among them, the Seesaw extensions furnish possible solutions to some of these problems [2] [3] [4] [5] [6] . Usually embedded in a gauge extension of the standard symmetries, the seesaw mechanism introduces a new scale of energy, associated with lepton number violation, in order to explain the smallness of neutrinos masses. This is accomplished through the introduction of new particles into the standard model content. The lightest stable particle, usually an axion or a sterile fermion, is often taken as a possible dark matter candidate.
In this work we connect the inflationary dynamics with neutrino physics through a singlefield inflationary scenario. At low energy scale, the particle content of the seesaw mechanism is set, with new scalars and/or fermions added to the SM in order the generate neutrinos masses. We consider in our analysis prototype type I and type II seesaw mechanisms. At high energy, the scalar field responsible for the breaking of lepton number is free to rule inflation, and a nearly-flat inflationary potential is obtained through a non-minimal coupling between the inflaton and the Ricci scalar [7] [8] [9] [10] . As we are dealing with an inflaton field inserted in the seesaw scenario, the possible couplings between the inflaton and the particle content of the model play a key role on the inflationary dynamics. In particular, radiative corrections are supposed to furnish sizeable contribution to the inflationary potential. We analyse the observational viability of this non-minimal radiative inflationary model, namely SeeSaw Inflationary model (SI), in light of the most recent CMB, baryon acoustic oscillation and supernova data. As the main results, we place tight constraints on the parameters involved in radiative corrections and on the main cosmological parameters. We find out that CMB data clearly favour the type II seesaw mechanism in our prototype scenario.
Seesaw Mechanism and Inflation
In the past decades many variants of the seesaw mechanism were constructed with different particle content and symmetries arrangements [6, [11] [12] [13] [14] [15] [16] [17] . The type I and type II seesaw mechanism are among the most popular scenarios. In the most canonical case, type I seesaw adds three sterile fermions N i (right-handed neutrinos), i = 1, 2, 3, and one complex scalar φ, to the particle content of the standard model (SM). New symmetries are usually imposed to these fields in order to arrange them into the Yukawa terms,
where f = (ν , e) T L and H = (H + , H 0 ) T L are the standard leptons and Higgs doublets, respectively. The electroweak symmetry breaking yields a Dirac mass component to standard neutrinos, while the second term in (2.1) generate Majorana mass to the right-handed neutrinos. Once the Higgs field and the scalar singlet acquire vacuum expected values (vev), v and v φ , v v φ , tiny Majorana masses to standard neutrinos are generated. On the other hand, type II seesaw mechanism includes to the SM field content just a scalar, ∆, triplet under SU (2) L SM symmetry [6, 14, 18, 19] ,
There is no need to extend the gauge symmetry structure of the SM, SU (3) C ⊗ SU (2) L ⊗ U (1) Y , once it permits the Yukawa term,
When the neutral component of ∆ acquire vev the standard neutrinos obtain Majorana masses proportional to v ∆ . In common, all those extensions adds to the standard model new scalars associated with high energy physics, some of the main ingredients for slow-roll inflation. This motivated a series of papers relating neutrinos physics and inflation [20] [21] [22] [23] [24] [25] [26] . Usually, in these scenarios the couplings between neutrino fields and the inflaton provide a contribution to the inflationary potential through radiative corrections. This contribution changes the shape of the inflationary potential and, consequently, the predictions to the inflationary parameters.
The one-loop Coleman-Weimberg radiative corrections to the inflationary potential can be written in the form [27] ,
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where Φ represents the inflaton field, M is the renormalization scale, and a encodes the radiative contributions to the inflationary potential. In the case of type I seesaw mechanism the natural candidate for inflaton is the real component of the complex scalar, Re(φ). The Yukawa interactions of the inflaton field contribute to the inflationary potential via loops of right-handed neutrinos,
5)
where h 4 = i h i 4 and for simplicity we have used the basis which makes h ij diagonal. For type II seesaw mechanism the neutral component of the scalar triplet, ∆ 0 , is the natural choice for inflaton candidate. As we are dealing with a weak triplet field, radiative corrections from the gauge sector, as well form Yukawa sector, must be considered. The dominant one-loop terms can be written in the form
where g and g are the standard SU (2) L and U (1) Y gauge couplings, respectively. Scalar interactions between the inflaton candidate and the Higgs field are also supposed to generate radiative corrections, although the measured Higgs mass imposes tight constraints on these couplings.
Although radiative corrections may contribute to the inflationary potential, it is well established that such corrections are not enough to align the model predictions with the observed values to inflationary parameters [28] . In particular, the Coleman-Weinberg potential (2.4) predictions to n S and r are out of the 95% C.L. region obtained by the Planck collaboration [29] .
Non-Minimal Inflation and the Unitarity Problem
Theories of modified gravity have become popular in the past years, although their original application to the dynamics of the primordial universe dates back to the eighties [8] . In general, modified gravity inflationary models predict tiny tensor-to-scalar ratio [7] [8] [9] [10] , r, in good agreement with current CMB observations [29, 30] . In particular, the possibility of a non-minimal coupling of the inflaton with gravity has been widely debated after the proposal of a Higgs field driven inflation [31] [32] [33] [34] [35] .
The non-minimal coupling of the inflaton field and the Ricci scalar is defined in the Jordan Frame. In general terms, the Lagrangian of the model is written in the form
where M P = 2.435 × 10 18 GeV is the reduced Planck mass. In order to calculate the inflationary parameters, we perform the following conformal transformation [36] [37] [38] :
which makes the kinect energy of inflaton field non-canonical. The process is finished by the field redefinition
Finally, the Lagrangian with minimal gravity sector and canonical kinetic term is defined in the Einstein frame,
). Note that the descriptions in both frames agree in the weak-field regime [38] .
The Einstein frame potential in (3.4) is the one employed to calculate the predictions for inflationary parameters. In particular, the Higgs inflation predictions of n S 0.97 and r 0.0033 are in excellent agreement with the latest results of Planck2018 [29] . Nevertheless, there is a price to pay. In order to reconcile the tiny observed value of the amplitude of scalar perturbations, A S 2.1 × 10 −9 , with the electroweak Higgs field quartic coupling, λ ∼ 0.1, one has to assume a huge non-minimal coupling ξ ∼ 10 4 . Far more dangerous than just an unnatural value, there are also claims that a non-minimal coupling of such magnitude gives rise to a new scale of unitarity loss [39] [40] [41] [42] . See [43] [44] [45] for a different point of view.
In order to circumvent this problem we will consider in our analysis extensions of the standard model in which the inflaton field is only weakly and moderately coupled to the Ricci scalar, 0.1 ≤ ξ ≤ 100. As will be shown later, it raises the unitarity scale Λ to a energy regime much higher than the inflationary energy.
Slow-Roll Analysis
In this section, we aim to investigate the non-minimal inflationary scenario in light of the seesaw paradigm, namely, the SeeSaw Inflationary model. Radiative corrections are supposed to contribute in the inflationary potential [32, 33, [46] [47] [48] [49] [50] [51] [52] . There are two different procedures to compute loop corrections in non-minimal models, namely prescription I and prescription II. The difference resides in which frame the loops are evaluated. In this work we opt to employ prescription II. However, at one loop level both procedures are equivalent [53] .
For prescription II, radiative corrections are computed in Jordan frame. Feynman rules reduce to its trivial form and the effective potential can be written in the form (2.4). After the conformal transformation, we have for the scalar potential in Einstein frame
where Φ is the non-canonical scalar field and we take M P as the renormalization scale. The slow-roll parameters can be written as
where indicates derivative with respect to Φ. Inflation starts when , η 1 and stops when , η = 1. In the slow-roll regime, the spectral index and the scalar-to-tensor ratio have the form,
The amplitude of scalar perturbations is given by [29] .
where * refers to pivot scale, i.e., when the CMB modes exit horizon at the scale Φ * . The value of A S is set by the COBE normalization to about 2.1 × 10 −9 for the pivot choice k * = 0.05 Mpc −1 [29] . Now, by inverting the eq. (4.4), we can write the value of the amplitude λ. Noteworthy is the strict dependence of λ with both the ξ and a parameters, or rather the degeneracy of such parameters in the value of the potential amplitude. The observable field value Φ * can be related to the number of e-folds at which the pivot scale crossed out the Hubble radius during inflation, defined as
For the range of ξ we are considering, 0.1 ≤ ξ ≤ 100, inflation ends as a Φ 4 potential and the universe expands as radiation dominated in the reheating era [33, [54] [55] [56] . This case is particularly interesting because it presents a reduced uncertainty in the estimation of the e-fold number. It is therefore plausible to affirm that in our model N should be around 60 [57, 58] . We then set N = 60 in order to estimate the field strength in the horizon crossing, and use the resulting Φ to evaluate the inflationary parameters n S and r. In figure 1 we show our results in the n S × r plane. In order to draw the lines in figure 1 we vary the parameter a for fixed values of ξ, as depicted in the figure. In each curve we mark the points where a = 0. The corresponding values for n S and r indicate that the Planck results are compatible with null radiative correction. Note also that the curves almost overlaps for ξ 1. This suggests that the inflationary observable become insensitive to variations in ξ in the strong coupling regime. In fact, the predictions of Higgs Inflation of n S 0.968 and r 0.0033 are practically identical to the case where ξ ∼ 100 and a = 0.
In order to evaluate the dependence of the inflationary parameters (n S and r) on the radiative corrections we make a choice of a suitable basis of independent variables. This makes necessary because the amplitude of scalar perturbation A S , as measured by the Planck and ξ as independent variables. The results are shown in figure 2. Note that either n S and r approach a constant value for sufficiently high values of a . The explanation for this behavior comes from the fact that for a 1 the radiative correction a overcomes the tree level contribution λ. In this regime A S constrains a to its maximum value and ξ is left as the only independent variable. These superior limits for radiative corrections are presented in figure 1 as the upper limits attributed to a for each value of ξ. On the other hand, in the small regime of a both n S and r approach small values. After reaching a maximum, n S quickly becomes incompatible with the Planck favoured region. Particularly, a ξ-dependent minimum value for a , and consequently for a, is dictated by the e-folds number. However, as these values are highly incompatible with the Planck results for the n S parameter we disregard them in our analysis.
The scale of energy at which inflation takes place, k 0 ∼ H, is depicted in figure 3 . Here we show our results in terms of Planck units, M P = 1. Notice that even for the highest value of ξ considered, the unitarity scale Λ = 1/ξ is orders of magnitude above the inflationary energy scale. Therefore, it is reasonable to say that the model discussed here is unitarily safe.
Finally, figure 4 shows the dependence of λ with a for fixed values of ξ. As mentioned above, the correlation between these three parameters depends on A S . In particular, note that for each curve λ reaches a maximum value somewhere between 0.1 ≤ a ≤ 0.3. This maximum becomes more evident for higher values of ξ. As we shall see on the next section, this behavior will be extremely important for constraining a .
Method
In this section we introduce the codes used in our analysis and the sets of observational data used to perform the parameters estimation.
In order to resolve the Boltzmann equations and compute the theoretical predictions of the SeeSaw Inflationary model, among which the CMB temperature power spectrum, we modified the current version of the Code for Anisotropies in the Microwave Background (CAMB) [59] , so that the primordial spectrum 1 is now led by the inflationary potential of eq. (4.1). Such a modification is performed following the lines of ModeCode [60, 61] , where the CMB anisotropies spectrum is calculated solving numerically the inflationary mode equations, i.e., solving the Friedmann and Klein-Gordon equations as well as the Fourier components of the gauge-invariant quantity u for an exact form of the single field inflaton potential. By integrating these equations it is possible to obtain H and χ as a function of time and the solution u k for the mode k. Therefore, following these steps, the code can compute the power spectrum of the curvature perturbation P R by P R = k 3 2π 2 u k z 2 , evaluated when the mode crosses the horizon [61] , with z ≡χ/H(dots denote derivatives with respect to conformal time). Furthermore, parameters estimation is obtained using a Monte Carlo Markov chain statistical analysis, modifying the available parameter estimation packages CosmoMC [62] to our purpose. We perform our preliminary analysis assuming large flat priors on the cosmological 1 In the standard CAMB code, the primordial power spectrum is parameterized as the power-law PR = parameters, while the values of the parameters ξ and a are chosen from the considerations made in the previous section, which we summarize below. First, let us emphasize that the tensor-to-scalar ratio proves to be weakly sensitive to variations of ξ (see figure 1 ) for values of n S at 1σ C.L., while in figure 2 we can note that both n S and r show the same predictions for a > 2, i.e. they do not produce variations in the observables and, therefore, are not distinguishable from the data. Moreover, a very important variable to consider in order to select the inflationary parameters priors is the amplitude, λ [63, 64] . Let us recall that ξ and a parameters enter in the amplitude relation -see eq. (4.4) -and consequently affect the amplitude of the temperature power spectrum. This observable is constrained with great accuracy by the observations of CMB and turns out to be the main observable for constraining the free parameters of the inflationary model. Looking at figure 4, it is clear that higher amplitude values are mainly achieved in the range 0.1 < a < 0.3 for any fixed values of ξ, and that strong coupling regimes allow for larger λ. Unfortunately, the differences in λ seen above between weak coupling regime (i.e. ξ = 1 ) and strong coupling regime (i.e ξ = 100) are very small for the different theoretical predictions of the temperature CMB power spectrum, as shown in figure 5 , making this parameter less performing than hoped for, but still the most sensitive to changes in inflationary parameters (compared to n s and r). Analyzing the model in weak coupling regime -see figure 6 top panel -it does not appear to be an interesting option, given the negligible sensitivity (inside the error bar of the most recent CMB data) of the a parameter on the observed amplitude (we consider up to a = 2, since for higher values all theoretical predictions become insensitive to variations in a ). On the other hand, analysing the strong coupling regime (bottom panel of figure 6 ), it allows for higher amplitude variation range. Thus, considering what has been mentioned above, we choose to analyse the For our purpose we consider two models, namely, the standard ΛCDM scenario (as the model) with one parameter extension, i.e., leaving the tensor-to-scalar ratio as free parameter, and the Non-Minimal Radiative inflationary model varying the a = 4 a λ parameter. Also, we vary the usual cosmological parameters, namely, the physical baryon density, Ω b h 2 , the physical cold dark matter density, Ω c h 2 , the ratio between the sound horizon and the angular diameter distance at decoupling, θ and the optical depth, τ . In addition, we consider the nuisance foreground parameters [65] and assume purely adiabatic initial conditions. The sum of neutrino masses is fixed to 0.06 eV, and we limit the analysis to scalar perturbations with k * = 0.05 Mpc −1 , also setting the arbitrary value of the number of e-folds N * = 60.
We choose to build two data sets for our analysis:
• Cosmic Microwave Background measurements, through the Planck (2018) data [30] , using temperature power spectra (TT) over the range ∈ [2 − 2508], and HFI polarization EE likelihood at ≤ 29;
• BICEP2 and Keck Array experiments (BK15) B-mode polarization data [66] , that improve the upper limit on the tensor-to-scalar ratio with respect to the previous release [67] , constraining r < 0.07;
• Baryon Acoustic Oscillation (BAO): we use distance measurements from 6dFGS [68] , SDSS-MGS [69] , and BOSS DR12 [70] surveys, as considered by the Planck collaboration;
• Supernovae Type Ia (SNe Ia): We use the Pantheon sample that is the latest compilation of 1048 data points, covering the redshift range [0.01 : 2.3] [71] .
Hereafter, we call as "CMB+BK15" the dataset using Planck 2018 likelihood combined with the Bicep/Keck experiment results. When BAO and SNe Ia data are considered, we indicate the dataset with "CMB+BK15+Ext"
Results
The main results of our analysis are presented in figure 7 , where both 68% and 95% C.L. and posterior distributions are shown in comparison with those of the ΛCDM+r model. We note that the SI model prefers higher values of the baryonic density, always compatible at 1σ with the standard cosmology. On the other hand, the constraints on the Ω c h 2 (and the total matter density, Ω m ) are significantly different for the two models. For example, for the SI model, we obtain Ω c h 2 = 0.1146 ± 0.0012 (CMB+BK15 data set) and Ω c h 2 = 0.1157 ± 0.0009 (CMB+BK15+Ext data set), while the ΛCDM+r analysis results furnish Ω c h 2 = 0.1212 ± 0.0020 (CMB+BK15 data set) and Ω c h 2 = 0.1189 ± 0.0011 (CMB+BK15+Ext data set). This in turn leads to a higher value of the Hubble constant predicted by the SI model, i.e., H 0 = 69.54 ± 0.53 (CMB+BK15) and H 0 = 69.00 ± 0.42 (CMB+BK15+Ext), which alleviates the well-known H 0 -tension problem (see e.g. [72, 73] and references therein). For instance, considering the value obtained from CMB+BK15 data, the discrepancy between the SI model prediction and the latest measurement of H 0 using Cepheid variables and type Ia Supernovae, H 0 = 74.03 ± 1.42 km/s/Mpc [74] , is ∼ 2.97σ whereas if the value considered is the one obtained using geometric distance measurements to megamaser-hosting galaxies, H 0 = 73.9 ± 3.0 km/s/Mpc [75] , the discrepancy lowers to ∼ 1.43σ.
The free parameter a is constrained to be positive by more than 3σ. We obtain a = 0.15 ± 0.05 at 68% C.L. for CMB+BK15 data set and a = 0.14 ± 0.03 at 68% C.L. for CMB+BK15+Ext. It is worth mentioning that the slow-roll analysis in section 4 indicates that null radiative corrections are compatible with Planck data at 68% CL (see figure 1 ). A non-null value for a , therefore, could be a complementary probe for physics beyond the standard model. In particular, positive radiative corrections favour type II seesaw mechanism, as discussed in section 2. For a = 0.15, the amplitude of scalar perturbations in eq. (4.4) impose the value λ 3 × 10 −5 for the potential amplitude. We can use these estimates to constrain the couplings in radiative corrections a using eq. (4.6) and, consequently, the Yukawa couplings for the neutrino sector, h of eq. (2.6), at inflationary energy scale. For CMB+BK15 data set we obtain 4.92 × 10 −7 ≤ a ≤ 1.90 × 10 −6 at 68% (C.L.).
We emphasize that this is an important result since the Yukawa couplings are associated with the standard neutrinos masses through eq. (2.3). In order to evaluate the impact of this bound at neutrino's masses we should use renormalization group equations to obtain h i at the electroweak scale and then consider the full flavor structure of the PMNS matrix [76] . Such analysis is currently in progress and will be reported in a forthcoming communication.
Finally, we note a strong degeneracy between the a and tensor-to-scalar ratio parameters, which leads to the narrow constraint r 0.002 = 0.03 ± 0.01 (for the extended data set considered) excluding the absence of polarization modes in the CMB (i.e. primordial gravitational waves) at more than 3σ. This is expected by the theory, since we foresee the probability distribution spread along the theoretical prediction of figure 1. In particular, the slow-roll analysis of section 4 yields r = 0.026 and n S = 0.986 for a = 0.15. For completeness, we also show in figure 8 the temperature anisotropy power spectrum obtained using the best fit values of our analysis.
Discussion and Conclusions
Recently, growing interest has been given to inflationary scenarios with a non-minimal coupling between the inflaton field and the Ricci scalar, since this assumption may significantly modify the theoretical predictions of the simplest chaotic scenarios. Notwithstanding, this connection between the inflaton and gravity may give rise to a new scale of unitarity loss, affecting the predictive aspect of the model. Taking this into account, we connected the dynamics of a non-minimal inflationary scenario with neutrinos' physics, and obtained a unitarily safe and predictive model.
We investigated the observational viability of the model using a Boltzmann solver code in order to analyse the temperature anisotropy power spectrum in the light of the most recent CMB, BAO and SNe data. For that purpose, we fixed the non-minimal coupling ξ to 100 in order to obtain the best sensitivity for the observable a , as explained earlier. For the Hubble expansion, for instance, we obtained H 0 = 69.54 ± 0.53 km/s/Mpc (with CMB+BK15 data) and H 0 = 69.00 ± 0.42 km/s/Mpc (with CMB+BK15+Ext dataset), which alleviate the H 0 -tension problem when compared with the ΛCDM+r predictions.
The most interesting result obtained concerns the radiative sector (a ). We found that the best-fit value for a is positive constrained by more than 3σ, favouring type II seesaw as the mechanism for generating neutrinos masses over type I. In particular, we obtain a = 0.15 ± 0.05 at 68% C.L. for CMB+BK15 data set. This is a remarkable result, since a can be a complementary probe for physics beyond the Standard Model. We shall consider in a forthcoming communication the effects of this bound on a type II seesaw extension of the Standard Model.
